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$EVWUDFW
7KH 6WDWLF 6\QFKURQRXV 6HULHV &RPSHQVDWRU SHUIRUPLQJ SRZHU FRQWURO DQG UHDFWLYH SRZHU
FRPSHQVDWLRQ LV DQ LPSRUWDQW DLG WR VWDEOH DQG IOH[LEOH RSHUDWLRQ RI UHFHQW HOHFWULFDO SRZHU
GLVWULEXWLRQ QHWZRUNV 7KH SDSHU GHVFULEHV D FRPSHQVDWRU EDVHG RQ D ELGLUHFWLRQDO =VRXUFH
LQYHUWHU ZLWK 3:0 WHFKQRORJ\ 7KLV LQYHUWHU KDV D ZLGH FRQWURO UDQJH DQG GRHV QRW UHTXLUH D
VZLWFKLQJ GHDG WLPH ,WV GHVLJQ XVLQJ VPDOO VLJQDO WKHRU\ WR REWDLQ VXLWDEOH /& QHWZRUN
SDUDPHWHUV IRU GHVLUHG WLPH UHVSRQVH LV GHVFULEHG 0RGHO SUHGLFWLYH FXUUHQW FRQWURO DQG GLUHFW
FXUUHQW FRQWURO VFKHPHV DUH DQDO\VHG DQG FRPSDUHG DQG VDWLVIDFWRU\ SHUIRUPDQFH RI WKH
ZKROH FRPSHQVDWRU LV GHPRQVWUDWHG
,QWURGXFWLRQ
:LWK LQFUHDVLQJ SHQHWUDWLRQ RI UHQHZDEOH VRXUFHG JHQHUDWLRQ LQWR WKH SRZHU QHWZRUN DQ
HPHUJLQJ WUHQG LQ WKH HOHFWULFLW\ VXSSO\ LQGXVWU\ LV D VKLIW IURP ODUJH SRZHU SODQW WR VPDOO
GLVWULEXWHG JHQHUDWLRQ '* V\VWHPV ORFDWHG QHDU WKH SRLQW RI FRQVXPSWLRQ DQG IRUPLQJ D
PLFURJULG $SDUW IURP WKH FOHDU EHQHILW RI GHFDUERQLVDWLRQ VXFK D WUHQG UHGXFHV UHOLDQFH RQ
ORQJ KHDYLO\ ORDGHG OLQHV ZLWK WKHLU DVVRFLDWHG ORVVHV +RZHYHU LW DOVR EULQJV FRQVLGHUDEOH
FKDOOHQJHV WKH XQSUHGLFWDEOH QDWXUH RI WKH UHQHZDEOH HQHUJ\ VRXUFHV LQWURGXFHV PRUH PRGHV
RI SRZHU IORZ LQ WKH V\VWHP DQG WKH FDSDFLW\ RI VRPH H[LVWLQJ WUDQVPLVVLRQ OLQHV FDQ EHFRPH
RYHUORDGHG $OVR KDYLQJ LQFUHDVLQJ QXPEHUV RI '*V WKH ZKROH SRZHU QHWZRUN VWUXFWXUH
EHFRPHV PRUH FRPSOH[ LWV VWDELOLW\ PDUJLQ PD\ EH QDUURZHG DQG LWV UREXVWQHVV PD\ EH
UHGXFHG
7KH 6WDWLF 6\QFKURQRXV 6HULHV &RPSHQVDWRU666& DV RQH RI WKH )OH[LEOH $& 7UDQVPLVVLRQ
V\VWHP )$&76>@ LV HIIHFWLYH LQ FRQWUROOLQJ SRZHU IORZ DQG KHQFH FDQ UHGXFH SRZHU IORZ
LQ KHDYLO\ ORDGHG OLQHV DQG FDQ VXSSRUW YROWDJHV E\ FRQWUROOLQJ HIIHFWLYH OLQH VHULHV LPSHGDQFH DQG
LPSURYH WKH VWDELOLW\ RI WKH QHWZRUN 0RVW 666&V XVH DQ +EULGJH EDVHG YROWDJH VRXUFH
FRQYHUWHU 96& WR LQMHFW D FRQWUROODEOH YROWDJH LQ VHULHV ZLWK WKH WUDQVPLVVLRQ OLQH ZKHUH LW LV
FRQQHFWHG %\ IOH[LEO\ UHJXODWLQJ LWV YROWDJH PDJQLWXGH DQG SKDVH DQJOH LW SURYLGHV ERWK
FDSDFLWLYH DQG LQGXFWLYH LPSHGDQFH FRPSHQVDWLRQ LQGHSHQGHQW RI WKH SRZHU OLQH FXUUHQW RU
UHDO DQG UHDFWLYH SRZHU IORZ UHJXODWLRQ +RZHYHU WKH RXWSXW YROWDJH RI WKH FRQYHQWLRQDO 96&
LV DOZD\V ORZHU WKDQ LWV GF LQSXW YROWDJH ZKLFK PD\ UHVWULFW LWV FRPSHQVDWLRQ UDQJH
$OWKRXJK DGGLQJ D '&'& FRQYHUWHU FDQ ERRVW WKH LQSXW YROWDJH LW DGGV FRPSOH[LW\ LQ WKH
FLUFXLW VWUXFWXUH DQG FRQWURO VFKHPH 7KHUH LV DOVR WKH SRVVLEOH GDQJHU RI D '&VLGH FLUFXLW
FXUUHQW VXUJH GXH WR WXUQLQJ RQ WZR VZLWFKLQJ GHYLFHV LQ WKH VDPH SKDVH OLPE VLPXOWDQHRXVO\
$ VZLWFK EODQNLQJ WLPH LV DOZD\V LQVHUWHG WR SUHYHQW WKH GDQJHU EXW WKLV EULQJV RXWSXW
ZDYHIRUP GLVWRUWLRQ
7KLV SDSHU SUHVHQWV D ELGLUHFWLRQDO ]VRXUFH LQYHUWHU =6,EDVHG 666& IRU WKH DFWLYH DQG
UHDFWLYH SRZHU IORZ FRQWURO RI D SRZHU OLQH 7KH GHYLFH SURSRVHG RULJLQDOO\ E\ )DQJ ]KHQJ
3HQJ HW DO >@ FRPELQHV D ]VRXUFH '&'& FRQYHUWHU ZKLFK DOORZV FXUUHQW IORZ LQ DQG RXW
RI '& VRXUFH DQG DQ +EULGJH '&$& LQYHUWHU :LWK WKH IL[HG LQSXW YROWDJH LW FDQ EXFN RU
ERRVW WKH RXWSXW $& YROWDJH DQG FDQ DOVR SHUIRUP IRXUTXDGUDQW RSHUDWLRQ $ VSHFLDO IHDWXUH
RI WKH =6, LV WKDW WZR VZLWFKHV LQ RQH SKDVH OLPE RI WKH +EULGJH FDQ EH FORVHG
VLPXOWDQHRXVO\ IRU SHUIRUPLQJ WKH VDPH IXQFWLRQ DV WKH VKRRWWKURXJK VWDWH RI D ]VRXUFH
GFGF FRQYHUWHU 8QOLNH WKH FRQYHQWLRQDO ]VRXUFH LQYHUWHU WKH ELGLUHFWLRQDO IHDWXUH RI WKLV
FRQYHUWHU HQDEOHV HQHUJ\ H[FKDQJH EHWZHHQ $& DQG '& VLGHV LQ ERWK GLUHFWLRQV $OVR WKH
%=6, LV DEOH WR FRPSOHWHO\ DYRLG WKH XQGHVLUDEOH RSHUDWLRQ PRGHV ZKHQ WKH =6, RSHUDWHG
XQGHU D VPDOO LQGXFWDQFH RU D ORZ ORDG SRZHU IDFWRU 7KH SDSHU ZLOO VKRZ WKH HIIHFWLYHQHVV RI
WKLV 666& LQ UHJXODWLQJ WKH SRZHU IORZ E\ DGMXVWLQJ WKH OLQH LPSHGDQFH FDQ EH FRPSDUDEOH WR
LWV FRQYHQWLRQDO 96&EDVHG FRXQWHUSDUW
,Q WKH SDSHU WZR GLIIHUHQW FRQWURO VFKHPHV DUH GHVFULEHG DQG WKHLU SHUIRUPDQFHV DUH FRPSDUHG
IRU WKLV %=6,666& RQH LV GLUHFW SRZHU FRQWURO DQG WKH RWKHU LV PRGHO SUHGLFWLYH FRQWURO
5HVXOWV VKRZ WKDW ERWK FDQ UHVXOW LQ WKH %=6,666& LQMHFWLQJ WKH GHVLUHG YROWDJH WR WKH
WUDQVPLVVLRQ OLQH
&RQILJXUDWLRQ RI WKH 3RZHU 6\VWHP ZLWK D %=6,666&
7KH FRQILJXUDWLRQ RI WKH SRZHU V\VWHP VWXGLHG ZLWK D %=6, DV DQ 666& LV VKRZQ LQ )LJ 
7KHUH DUH WZR EXVHV WKH VHQGLQJ EXV LV UHSUHVHQWHG E\ D SKDVH YROWDJH VRXUFH VXSSO\LQJ D
WUDQVPLVVLRQ OLQH ZLWK LPSHGDQFH 56  M;6 7KH UHFHLYLQJ EXV KDV WZR 5/ ORDGV RI GLIIHUHQW
SRZHU UDWLQJV FRQQHFWHG DQG D JHQHUDWRU VXSSO\LQJ SRZHU GHPDQG ORFDOO\ UHSUHVHQWHG E\ D
D YROWDJH VRXUFH ZLWK LPSHGDQFH 55  M;5 7KH %=6,666& LV FRQQHFWHG VHULDOO\ LQ WKH
WUDQVPLVVLRQ OLQHV WKURXJK D WKUHH SKDVH WUDQVIRUPHU QHDU WKH UHFHLYLQJ EXV DOVR FDOOHG WKH
SRLQW RI FRPPRQ FRQQHFWLRQ 3&&
)LJ  &RQILJXUDWLRQ RI WKH V\VWHP FRQWUROOHG E\ D =6,EDVHG 666&
%=6, 2SHUDWLRQ 0RGHV DQG 3DUDPHWHU 6HOHFWLRQ
7KLV WRSRORJ\ DV VKRZQ LQ )LJ FDQ RYHUFRPH WKH VKRUWFRPLQJV RI WKH WUDGLWLRQDO =6, E\
VKXQWLQJ WKH '& VLGH GLRGH ' ZLWK D VZLWFK 6 ZKLFK HQDEOHV ELGLUHFWLRQDO LQSXW FXUUHQW DQG
KHQFH DOORZV '& DQG $& VLGH HQHUJ\ H[FKDQJH
)LJ 7RSRORJ\ RI ELGLUHFWLRQDO ]VRXUFH LQYHUWHU
)LJ (LJKW RSHUDWLRQ PRGHV IRU D %=6,
2SHUDWLRQ 0RGHV
7KH EDVLF RSHUDWLRQ FRPSULVHV MXVW DFWLYH DQG VKRRWWKURXJK PRGHV KRZHYHU LQ YLHZ RI WKH
DOWHUQDWLYH FXUUHQW SDWK WKHUH FDQ EH HLJKW ZRUNLQJ PRGHV ZLWKLQ RQH VZLWFKLQJ F\FOH
0RGH D 7KH LQSXW GLRGH ' FRQGXFWV DQG WKH VZLWFK 6 LV RSHQ QR VZLWFKHV LQ WKH +EULGJH
DUH RQ VR WKHUH LV QR FXUUHQW IORZLQJ LQWR WKH $& ORDG VLGH ,'&  7KH '&VLGH FDSDFLWRU &
FKDUJHV WKH =QHWZRUN FDSDFLWRUV & DQG & WRJHWKHU ZLWK / DQG /
0RGH E ' UHPDLQV RQ +EULGJH LV DFWLYH KHQFH ORDG FXUUHQW ,'& LV IORZLQJ WR WKH $& VLGH
=QHWZRUN FDSDFLWRUV & DQG & DUH VWLOO LQ FKDUJLQJ PRGH 7KH LQSXW '& FXUUHQW ,LQ LV SRVLWLYH
DQG LQGXFWRU FXUUHQW ,/ GLVFKDUJHV WR WKH LQYHUWHU DQG VDWLVILHV WKH IROORZLQJ UHODWLRQVKLS
'&/ ,, ! 
0RGH F $V ,/ FRQWLQXHV WR IORZ WR WKH ORDG VLGH DQG LV GHFUHDVLQJ & GLVFKDUJHV WR ORDG DQG
& LV LQ FKDUJH PRGH ,LQ LV VWLOO SRVLWLYH
0RGH G $V ,/ GHFUHDVHV WR D KDOI RI WKH RXWSXW FXUUHQW ,'& VZLWFK 6 LV WXUQHG RQ ,LQ EHFRPHV
QHJDWLYH 7KH FXUUHQW UHODWLRQVKLS LV VKRZQ LQ EHORZ
 '&/LQ ,,,  
0RGH H ,QGXFWRU FXUUHQW GURSV EHORZ  6 LV VWLOO RQ =QHWZRUN FDSDFLWRUV & DQG &
GLVFKDUJH DQG LQSXW VLGH FDSDFLWRU & LV FKDUJHG
  /LQ ,, 
0RGH I +EULGJH LV LQDFWLYH ,'&  =QHWZRUN LV LVRODWHG IURP + EULGJH 6 LV VWLOO RQ ,QSXW
DQG LQGXFWRU FXUUHQWV DUH DOO QHJDWLYH
0RGH J +EULGJH LQYHUWHU LV LQ VKRRW WKURXJK PRGH 7KH VXP RI FDSDFLWRU YROWDJHV 9&9&
LV ODUJHU WKDQ WKH '& VRXUFH YROWDJH 96 6ZLWFK 6 DQG GLRGH DUH RII 7KH =QHWZRUN
FDSDFLWRUV DUH FKDUJLQJ WKH LQGXFWRUV
0RGH K $IWHU QHJDWLYH LQGXFWRU FXUUHQW UHGXFHV WR  WKH DUP LV VKRUWHG E\ WKH VKRRWWKURXJK
VLJQDO 7KH RXWSXW YROWDJH 9$& LV 
,Q VXPPDU\ PRGHV E WR H DUH DFWLYH PRGHV DQG PRGHV J K DUH VKRRW WKURXJK PRGHV
0HDQWLPH WKHUH DUH WZR QRQVKRRW WKURXJK ]HUR VWDWHV ZKLFK DUH PRGHV D DQG I :KHQ
LQGXFWRU FXUUHQW ,/ IDOOV EHORZ ,'& DQG HYHQ EHFRPH QHJDWLYH PRGHV G DQG H & DQG &
GLVFKDUJH DQG VZLWFK 6 LV RQ VR WKDW FXUUHQW FDQ IORZ EDFN WR '& VLGH FDSDFLWRU &
7UDQVIHU )XQFWLRQ 'HULYDWLRQ DQG %=6, GHVLJQ
7KH WUDQVLHQW FKDUDFWHULVWLF RI D %=6, GHSHQGV RQ LWV LQGXFWRU DQG FDSDFLWRU YDOXHV 7KHLU
VHOHFWLRQ FDQ EH EDVHG RQ WKH IUHTXHQF\ DQG WLPH GRPDLQ DQDO\VLV XVLQJ WKH VPDOO VLJQDO
WUDQVIHU IXQFWLRQ EHWZHHQ WKH FDSDFLWRU YROWDJH DQG WKH VKRRWWKURXJK GXW\ UDWLR GHULYHG DV
IROORZV
$VVXPLQJ WKH ORDG LPSHGDQFH LV 5/ M;/ DQG ,'& LV WKH RXWSXW '& FXUUHQW :LWK WKH VZLWFKLQJ
SHULRG VHWWLQJ DV 7 VHF DQG VKRRWWKURXJK WLPH UDWLR ' WKH WLPH GXUDWLRQ IRU DFWLYH PRGH LV
'7 DQG VKRRW WKURXJK PRGH LV '7 %\ VHWWLQJ WKH VWDWH YDULDEOHV
> @7'&&&// ,99,,[  DQG WKH LQSXW '&9X   WKH VWDWHVSDFH DYHUDJH HTXDWLRQ
FRPELQLQJ ERWK VZLWFK WXUQRQ DQG RII IRU FRQWLQXRXVFRQGXFWLRQ PRGH LV JLYHQ DV>@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7KH DERYH FDQ EH ZULWWHQ DV %X$[GW
G[  DQG LV ]HUR DW WKH VWHDG\ VWDWH KHQFH OHDGV WR
FDSDFLWRU YROWDJHV DQG LQGXFWRU FXUUHQWV JLYHQ DV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7KH UHODWLRQVKLS EHWZHHQ RXWSXW '& YROWDJH 963 DQG LQSXW 9'& LV H[SUHVVHG DV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&RQQHFWLQJ D '&$& LQYHUWHU ZLWK DPSOLWXGH PRGXODWLRQ LQGH[ 0D DW WKH RXWSXW '&OLQH WKH
UDWLR RI 9$& WR 9'& FDQ EH H[SUHVVHG DV
'
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)RU WKH '&$& LQYHUWHU VLQFH PRGXODWLRQ LQGH[ 0D UDQJHV IURP  WR  WKH $&VLGH YROWDJH
PDJQLWXGH 9$& FDQ EH ORZHU WKDQ WKH '&EXV YROWDJH 963 +RZHYHU DFFRUGLQJ WR (TXDWLRQ
 WKH '&RXWSXW YROWDJH FKDQJHV IURP SRVLWLYH WR QHJDWLYH DFFRUGLQJ WR ' IRU   '  
LW YDULHV IURP  WR f DQG IRU   '   LW LV QHJDWLYH YDU\LQJ IURP f WR  &RQVHTXHQWO\
9$& FDQ EH ERRVWHG RU EXFNHG UHODWLYH WR WKH LQSXW '& YROWDJH 9'& DQG LV ELGLUHFWLRQDO WKXV
JLYLQJ PRUH IOH[LELOLW\ LQ YROWDJH FRQWURO
,QWURGXFLQJ VPDOO SHUWXUEDWLRQ WR VKRRW WKURXJK GXW\ UDWLR LQ (TX  WKH VPDOO SHUWXUEDWLRQV
LQ WKH FDSDFLWRU YROWDJH DQG LQGXFWRU FXUUHQW  WLWY /&  FDQ EH REWDLQHG 7DNLQJ /DSODFH
WUDQVIRUP WKHLU VGRPDLQ H[SUHVVLRQV FRUUHVSRQGLQJ WR WG DUH H[SUHVVHG DV 








 VGE6E6E6E
D6D6DVY &


 
7KH FRUUHVSRQGLQJ FRHIILFLHQWV D WR D DQG E WR E DUH OLVWHG LQ $SSHQGL[ 6XEVHTXHQWO\ WKH
WUDQVIHU IXQFWLRQ EHWZHHQ WY& DQG WG
 LV REWDLQHG DV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)LJ %RGH SORWV  VGVY&
 IRUD LQGXFWDQFH FKDQJLQJ ZLWK FRQVWDQW FDSDFLWDQFH
EFDSDFLWDQFH FKDQJLQJ ZLWK FRQVWDQW LQGXFWDQFH
7KH %RGH SORWV DQG VWHS UHVSRQVH GLDJUDPV RI WKLV WUDQVIHU IXQFWLRQ IRU WKH LQGXFWRU YDOXH
YDU\LQJ IURP P+ WR P+ DQG FDSDFLWRU YDOXH FKDQJLQJ IURP P) WR P) DUH DV VKRZQ LQ
)LJ DQG )LJ DQG WKH\ DOO SUHVHQW XQGHUGDPSHG FKDUDFWHULVWLFV ,W FDQ EH VHHQ LQ )LJ WKDW
LQFUHDVLQJ LQGXFWDQFH YDOXH OHDGV WR WKH UHGXFWLRQ RI JDLQ YDOXHV +RZHYHU DV FDSDFLWDQFH
LQFUHDVHV JDLQ YDOXH LQFUHDVHV /RZHU JDLQ DPSOLWXGH JLYHV ORZHU RVFLOODWLRQ EXW ODUJHU
LQGXFWRU 6R /  P+ DQG & P) DUH FKRVHQ ,Q )LJ WKH UHVSRQVH FXUYH KDYLQJ /  P+
DQG & P) JLYHV WKH ORZHVW OHYHO RI RYHUVKRRW ZLWK WKH VKRUWHVW WUDQVLHQW UHVSRQVH WLPH VR
WKHVH WZR SDUDPHWHU YDOXHV DUH FKRVHQ
)LJ 6WHS UHVSRQVH GLDJUDPVDLQGXFWDQFH FKDQJLQJ ZLWK FRQVWDQW FDSDFLWDQFH
EFDSDFLWDQFH FKDQJLQJ ZLWK FRQVWDQW LQGXFWDQFH
&RQWURO 6FKHPHV
7KH FRQWURO VWUDWHJ\ IRU 666& FRQVLVWV RI WZR SDUWV $& FRQWURO IRU UHJXODWLQJ WKH PDJQLWXGH
DQG SKDVH DQJOH RI OLQH LQVHUWHG YROWDJH 9& DQG '& FRQWURO IRU PDLQWDLQLQJ 9VS DW D UHTXLUHG
OHYHO 7KH REMHFWLYH RI WKH 666& FRQWURO LV WR HQVXUH WKDW WKH UHDO DQG UHDFWLYH SRZHUV IORZLQJ
DORQJ WKH WUDQVPLVVLRQ OLQH EHWZHHQ WKH VHQGLQJ DQG UHFHLYLQJ HQGV DUH DW WKH UHTXLUHG OHYHOV
7DNLQJ WKH VHQGLQJ HQG YROWDJH DV WKH UHIHUHQFH DQG XVLQJ D GT V\QFKURQRXV UHIHUHQFH IUDPH
WKH UHIHUHQFH UHDO DQG UHDFWLYH SRZHU YDOXHV 3UHI DQG 4UHI DW WKH VHQGLQJ HQG FDQ EH FDOFXODWHG
UHVSHFWLYHO\ DV
G6L66UHI ,9ș,93 u uu 
FRV
 
T6L66UHI ,9ș,94 u uu 
VLQ
 
ZKHUH șL LV WKH SKDVH DQJOH EHWZHHQ VHQGLQJ HQG YROWDJH 96 DQG VHQGLQJ HQG FXUUHQW ,6
3RZHU )ORZ &RQWURO
)LJ  6FKHPDWLFV RI WKH 0RGHO SUHGLFWLYH FXUUHQW FRQWURO DQG GLUHFW FXUUHQW FRQWURO VFKHPHV
)RU $& FRQWURO SDUW :LWK WKH GHVLUHG 3UHI DQG 4UHI DQG PHDVXUHG VHQGLQJ HQG YROWDJH 96 WKH
UHIHUHQFH FXUUHQW ,GUHI DQG ,TUHI FDQ EH FDOFXODWHG IURP HTXDWLRQV  DQG  XVLQJ WKH OLQH
LPSHGDQFH 5/ M;/ 5655M;6;5 7KH DPSOLWXGH DQG SKDVH RI WKH GHVLUHG
FRPSHQVDWLRQ YROWDJH FDQ EH FDOFXODWHG DV WKH WDUJHW DQG UHDOLVHG E\ GLIIHUHQW FXUUHQW FRQWURO
PHWKRGV RI ZKLFK WZR DUH GHVFULEHG EHORZ DQG VKRZQ LQ )LJ 
0RGHO 3UHGLFWLYH &XUUHQW &RQWURO
,Q WKLV FRQWURO VFKHPH WKH UHTXLUHG FRPSHQVDWLRQ YROWDJH IURP %=6,EDVHG 666& WHUPLQDOV LV
GHULYHG WKURXJK WKH HTXDWLRQ>@
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%\ XVLQJ UHIHUHQFH DQJOH ș ZKLFK LV IURP WKH SKDVH ORFNHG ORRS3// DQG $%&GT EORFN
PHDVXUHG FXUUHQWV ,G DQG ,T LQ GT IRUP DUH REWDLQHG 7KH UHIHUHQFH FXUUHQWV ,GUHI DQG ,TUHI FDQ EH
FDOFXODWHG E\ HTXDWLRQV  DQG  7KH PDJQLWXGH DQG SKDVH DQJOH RI WKH UHTXLUHG
FRPSHQVDWLRQ YROWDJH FDQ EH UHDOL]HG E\ PRGXODWLRQ LQGH[ 0D DQG DQJOH GHOD\
'LUHFW &XUUHQW &RQWURO
7KH YROWDJH GLIIHUHQFH EHWZHHQ WKH VHQGLQJ DQG UHFHLYLQJ WHUPLQDOV FDQ EH H[SUHVVHG DV
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ZKHUH ș5 LV WKH SKDVH DQJOH RI 95 ZLWK UHVSHFW WR 96 șL LV WKH FXUUHQW SKDVH DQJOH FRPSDUHG WR
96 ș& LV WKH SKDVH DQJOH EHWZHHQ WKH LQMHFWHG FRPSHQVDWLQJ YROWDJH DQG 96 ([SUHVVLQJ ǻ9
LQ GT IRUP WKHVH WZR HOHPHQWV DUH JLYHQ E\
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FRVVLQVLQ
7KH UHIHUHQFH FXUUHQW ,GUHI DQG ,TUHI FDOFXODWHG IURP HTXDWLRQV  DQG  DUH FRPSDUHG ZLWK
WKH UHDO FXUUHQWV ,G DQG ,T DQG WKH HUURU DUH XVHG WR WUDFN ǻ9 WKURXJK 3, FRQWUROOHU 7KURXJK
HTXDWLRQ  UHIHUHQFH FRPSHQVDWHG YROWDJH 9&GUHI DQG 9&TUHI FDQ EH FDOFXODWHG
'& 9ROWDJH &RQWURO
)LJ %ORFN GLDJUDP RI '& FRQWURO VFKHPH
)RU '& FRQWURO VKRZQ LQ )LJ UHIHUHQFH RXWSXW '& YROWDJH 963UHI QHHGV WR EH VHW KLJKHU WKDQ
FRPSHQVDWHG YROWDJH 9& 6LQFH 0D LV LQ WKH UDQJH EHWZHHQ  DQG  7KH '&VLGH RXWSXW
YROWDJH 963 LV HTXDO WR 9& ' ZKLFK DOORZV GHWHUPLQDWLRQ RI WKH IDFWRU ' QRWLQJ WKDW 9& LV
WKH PHDVXUHG FDSDFLWRU YROWDJH DV VKRZQ LQ )LJ ,Q WKLV FDVH '& VXSSO\ VLGH SURYLGH '&
YROWDJH .9 DQG RXWSXW '& YROWDJH 963 QHHG WR EH NHSW DW .9 VR WKDW VKRRW WKURXJK GXW\
UDWLR ' VKRXOG EH PDLQWDLQHG DW 
3XOVH :LGWK 0RGXODWLRQ 3:0
7KHUH DUH WKUHH FRQWURO PHWKRGV>@ FDQ EH XVHG WR JHQHUDWH 3:0 SXOVH VLJQDOV WR FRQWURO
VZLWFKHV LQ WKH + EULGJH QDPHO\ VLPSOH ERRVW FRQWURO6%& PD[LPXP ERRVW FRQWURO0%&
DQG PD[LPXP FRQVWDQW ERRVW FRQWURO0&%&&RQVLGHULQJ WKH VSHFLDO QDWXUH RI FRQWURO
VWUDWHJ\ ZKLFK LV VKRZQ LQ DERYH VKRRW WKURXJK GXW\ UDWLR ' DQG PRGXODWLRQ LQGH[ 0D VKRXOG
EH FRQWUROOHG VHSDUDWHO\ 6R VLPSOH ERRVW FRQWURO LV FKRVHQ 7KLV HPSOR\V WKH EDVLF
WKUHHSKDVH VLQHWULDQJOH 3:0 VFKHPH DQG DOVR XVHV D SRVLWLYH DQG D QHJDWLYH UHIHUHQFH
OHYHOV ZLWK PDJQLWXGHV HTXDO WR WKH DPSOLWXGH RI WKH VLQXVRLGDO UHIHUHQFH VLJQDO WR LQWHUVHFW
WKH WULDQJXODU FDUULHU ZDYH
)LJ 3:0 VLJQDOV XVLQJ 6%& IRU WZR VZLWFKHV LQ SKDVH $ DQG LQSXW VLGH VZLWFK 6
$V VKRZQ LQ )LJ WKH EOXH DQG UHG OLQHV DUH SRVLWLYH DQG QHJDWLYH UHIHUHQFH OHYHOV ZKLFK DUH
GHWHUPLQHG E\ VKRRW WKURXJK GXW\ UDWLR ' DQG WKH PDJQLWXGH LV HTXDO WR ' 7KH JUHHQ FXUYH
UHSUHVHQWV SKDVH $ RI RXWSXW YROWDJH 9$& DQG WKH PDJQLWXGH LV PRGXODWLRQ LQGH[ 0D $IWHU
FRPSDULQJ ZLWK WKH FDUULHU ZDYH FRQWURO VLJQDOV IRU 6 DQG 6 DUH JHQHUDWHG $FFRUGLQJ WR
WKH ZRUNLQJ PRGHV LQ )LJ WKH FRQWURO VLJQDO RI VZLWFK 6 VDWLVILHV WKDW LW LV FRPSOHPHQWDU\
WR WKH VKRRW WKURXJK VLJQDO IRU ELGLUHFWLRQDO =6, 7KH UHPDLQLQJ IRXU VZLWFKHV 6 6 6 DQG
6 DUH FRQWUROOHG XVLQJ VLQXVRLGDO VLJQDOV RI SKDVHV % DQG &
6LPXODWLRQ 5HVXOWV
7R YDOLGDWH WKH DERYH FRQWURO VFKHPH VLPXODWLRQ VWXGLHV ZHUH SHUIRUPHG XVLQJ DOO SDUDPHWHUV
OLVWHG LQ WKH WDEOH EHORZ 7KH ZKROH V\VWHP FDQ EH WUDQVODWHG LQWR WKH SHU XQLWSX V\VWHP
ZKHQ WKH EDVH SRZHU 6EDVH DQG EDVH YROWDJH 9EDVH DUH FKRVHQ
7DEOH ,3DUDPHWHU RI PRGHO
'& LQSXW YROWDJH 9'& 9
%DVH SRZHU 6EDVH 0:
%DVH YROWDJHUPV  SKDVHJURXQG N9
,QGXFWRUV / DQG / LQ %=6, P+
&DSDFLWRUV & DQG & LQ %=6, P)
7UDQVIRUPHU UDWLR 
5HVLVWDQFH LQ WUDQVPLVVLRQ OLQH 56 DQG 55 NP
,QGXFWDQFH LQ WUDQVPLVVLRQ OLQH ;6 DQG ;5 P+NP
/HQJWK RI WUDQVPLVVLRQ OLQH NP
6HQGLQJ WHUPLQDO YROWDJH 96UPV 
SKDVHJURXQG
ğ N9
5HFHLYLQJ WHUPLQDO YROWDJH 95UPV 
SKDVHJURXQG
ğ N9
5HDO SRZHU IRU HDFK ORDG EUDQFK  0:
5HDFWLYH SRZHU IRU HDFK ORDG EUDQFK  0:
6ZLWFKLQJ IUHTXHQF\  N+]
6LPXODWLRQ UHVXOWV IRU GLIIHUHQW FRQWURO PHWKRGV
)LJ 3RZHUV PHDVXUHG IURPDPRGHO SUHGLFWLYH FXUUHQW FRQWUROEGLUHFW FXUUHQW
FRQWUROFRQO\ +EULGJH LQ 666&
7KH VLPXODWLRQV DUH VHW WR FRQWURO WKH SRZHU IORZ WKURXJK D WUDQVPLVVLRQ OLQH ZLWK LPSHGDQFH
5/ M;/ DW D YROWDJH RI N9 7KH GLUHFWLRQ IURP VHQGLQJ HQG WR UHFHLYLQJ HQG LV VHW DV
SRVLWLYH
7KH UHIHUHQFH DFWLYH SRZHU LV YDULHG IURP SX WR SX DW V DQG WR SX DW V 7KH
UHIHUHQFH UHDFWLYH SRZHU LV DGMXVWHG IURP SX WR SX DW V DQG FKDQJHV WR SX DW V
VR LW LV IORZLQJ IURP VHQGLQJ HQG WR UHFHLYLQJ HQG
6HWWOLQJ WLPH PV
6HWWOLQJ WLPH PV
6HWWOLQJ WLPH PV
6HWWOLQJ WLPH PV
7KH SRZHU UHVSRQVHV IRU PRGHO SUHGLFWLYH FXUUHQW FRQWURO DQG GLUHFW FXUUHQW FRQWURO DUH VKRZQ
LQ )LJVD DQG E )LJF VKRZV WKH UHVXOW IRU 666& ZLWK RQO\ WKH +EULGJH DQG RWKHU SDUWV
WKH VDPH )URP )LJF 666& ZLWK RQO\ WKH +EULGJH FDQQRW DFKLHYH SRZHU IORZ FRQWURO
EHFDXVH WKH '& YROWDJH LV WRR ORZ IRU WKH 666& WR VXSSO\ HQRXJK FRPSHQVDWLQJ YROWDJH
&RPSDULQJ ILJXUHV D DQG E UHSUHVHQWLQJ WKH WZR FRQWURO PHWKRGV XVHG LQ %=6,666& RQH
FDQ VHH WKDW WKH\ FDQ ERWK DFKLHYH SRZHU IORZ FRQWURO 7KH RVFLOODWLRQV VKRZQ IRU GLUHFW
FXUUHQW FRQWURO DUH VPRRWKHU DQG KDYH OHVV HUURU WKDQ WKRVH IRU PRGHO SUHGLFWLYH FRQWURO
+RZHYHU PRGHO SUHGLFWLYH FRQWURO KDV D ORZHU VHWWOLQJ WLPH
&RQFOXVLRQ
)URP )LJ F WKH 666& ZLWK RQO\ WKH +EULGJH FDQQRW DFKLHYH SRZHU IORZ FRQWURO EHFDXVH
WKH '& YROWDJH LV WRR VPDOO IRU WKH 666& WR VXSSO\ HQRXJK FRPSHQVDWHG YROWDJH &RPSDULQJ
ILJXUHV D DQG E UHSUHVHQWLQJ WKH WZR FRQWURO PHWKRGV XVHG LQ WKH %=6,666& VKRZV WKDW
WKH\ FDQ ERWK DFKLHYH SRZHU IORZ FRQWURO 7KH RVFLOODWLRQ LQ FXUUHQW FRQWURO FDQ EH EHWWHU WKDQ
ZLWK PRGHO SUHGLFWLYH FRQWURO +RZHYHU PRGHO SUHGLFWLYH FRQWURO FDQ H[KLELW D VKRUWHU
VHWWOLQJ OHVV WLPH WR VHWWOH GRZQ &RQVLGHULQJ WKH VWDELOLW\ DQG SRZHU ORVV RI WKH V\VWHP WKH
FXUUHQW FRQWURO SHUIRUPV WKDQ WKH PRGHO SUHGLFWLYH FRQWURO 7KHVH UHVXOWV FRQILUP WKH YLDELOLW\
RI WKH %=6,666& DQG LWV IXUWKHU DGYDQWDJHV RI D JUHDWHU FRQWURO UDQJH DQG ELGLUHFWLRQDO
RSHUDWLRQ
5HIHUHQFH
>@ 6HQ .  666&VWDWLF V\QFKURQRXV VHULHV FRPSHQVDWRU WKHRU\ PRGHOLQJ DQG DSSOLFDWLRQ
,((( 7UDQVDFWLRQV RQ 3RZHU 'HOLYHU\  ̢
>@ .DPDUSRVKWL 0 	 /HVDQL +  (IIHFWV RI 67$7&20 7&6& 666& DQG 83)& RQ VWDWLF
YROWDJH VWDELOLW\ (OHFWULFDO (QJLQHHULQJ  ̢
>@ *DMDQD\DNH & 9LODWKJDPXZD ' 	 3RK &KLDQJ /RK  'HYHORSPHQW RI D &RPSUHKHQVLYH
0RGHO DQG D 0XOWLORRS &RQWUROOHU IRU =6RXUFH ,QYHUWHU '* 6\VWHPV ,((( 7UDQVDFWLRQV RQ ,QGXVWULDO
(OHFWURQLFV  ̢
>@ 5DMDNDUXQD 6 	 -D\DZLFNUDPD /  6WHDG\6WDWH $QDO\VLV DQG 'HVLJQLQJ ,PSHGDQFH
1HWZRUN RI =6RXUFH ,QYHUWHUV ,((( 7UDQVDFWLRQV RQ ,QGXVWULDO (OHFWURQLFV  ̢
>@ )DQJ =KHQJ 3HQJ  =VRXUFH LQYHUWHU ,((( 7UDQVDFWLRQV RQ ,QGXVWU\ $SSOLFDWLRQV 
̢
>@ +XVRGR % $QZDUL 0 $\RE 6 	 7DXILN  $QDO\VLV DQG VLPXODWLRQV RI =VRXUFH LQYHUWHU
FRQWURO PHWKRGV &RQIHUHQFH 3URFHHGLQJV ,3(& ±
>@ +XDQJ + =KDQJ / 	 &KRQJ %  &RQWURO RI $ 0RGXODU 0XOWLOHYHO &DVFDGHG &RQYHUWHU
EDVHG 8QLILHG 3RZHU )ORZ &RQWUROOHU ,(((
>@52'5,*8(= - &257(6 3 3UHGLFWLYH FRQWURO RI SRZHU FRQYHUWHUV DQG HOHFWULFDO GULYHV>0@86
-RKQ :LOH\ 	 6RQV /WG 
>@+8 - +( < ;8 / HW DO 3UHGLFWLYH FXUUHQW FRQWURO RI JULG FRQQHFWHG YROWDJH VRXUFH FRQYHUWHUV
GXULQJ QHWZRUN XQEDODQFH>-@ ,(7 3RZHU (OHFWURQLFV   
$SSHQGL[
7KH FRHIILFLHQWV IRU HTXDWLRQ  DQG  DUH GHILQHG DV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